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Efficient injection of spin-polarized electrons into the conduction band of silicon is limited by
the formation of a silicide at the ferromagnetic metal (FM)/silicon interface. In the present work,
this “magnetically-dead” silicide (where strong spin-scattering significantly reduces injected spin
polarization) is eliminated by moving the FM in the spin injector from the tunnel junction base
anode to the emitter cathode and away from the silicon surface. This results in over an order-of-
magnitude increase in spin injection efficiency, from a previously-reported magnetocurrent ratio of
≈2% to ≈35% and an estimated spin polarization in Si from ≈1% to at least ≈15%. The injector
tunnel-junction bias dependence of this spin transport signal is also measured, demonstrating the
importance of low bias voltage to preserve high injected spin polarization.
Spin injection, manipulation and detection in semicon-
ductors is the key to realizing the next generation of infor-
mation processing devices[1, 2]. Although magnetic semi-
conductors have shown some promising results[3, 4, 5],
devices based on traditional semiconductors are often
preferred. Optical techniques[6, 7, 8] are widely em-
ployed to study spin transport in direct band gap semi-
FIG. 1: Schematic illustration of the Si spin transport de-
vice used in this work, and associated conduction band dia-
gram (right). The vertical structure (top to bottom) is 30nm
Al/10nm Co84Fe16/Al2O3/5nm Al/5nm Cu/10 µm undoped
Si/4nm Ni80Fe20/4nm Cu/n-Si. Spin-polarized hot electrons
are injected by an emitter voltage (VE) from the Co84Fe16
tunnel junction cathode through the normal-metal Al/Cu an-
ode base and into the conduction band of the 10µm-thick
undoped Si drift layer forming injected current IC1. Detec-
tion on the other side is with spin-dependent hot electron
transport through the Ni80Fe20 thin film. Our spin-transport
signal is the ballistic current transported into the conduction
band of the n-Si collector (IC2).
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conductors, but they are inneffective for the indirect band
gap semiconductor silicon (Si), which is the most domi-
nant electronic material in the modern microelectronics
industry.[9] Electrical techniques are preferred for device
scalability, but those methods have required epitaxial fer-
romagnet/semiconductor growth[10] and there are few of
these systems available. We have recently solved this
problem by presenting a demonstration of all-electrical
spin injection, transport, precession, and detection in sil-
icon with a device using hot-electron transport for injec-
tion and detection[11], which paves the way to intimately
integrate the information storage properties of metallic
ferromagnets with the information processing capability
of Si.
Although this device finally allows study of spin-
coherent electron transport in silicon, the spin-transport
signal is only an approximately 2% change in magne-
tocurrent, which is most likely not significant enough to
be directly employed in real applications.[11] Since hot-
electron transport through a ferromagnetic metal thin
film (which we used for injection and detection) results
in ≈ 90% spin polarization[12], there must be some effect
that has limited the observed spin polarization in these Si
spin transport devices. Because these devices employed
FM/Si interfaces at the injector and detector contacts,
one obvious cause could be the “magnetically-dead” sili-
cide layer formed between the silicon and ferromagnetic
metals used for injector and detector[13, 14, 15]. Due to
strong spin-scattering between the injected electrons and
the randomly-oriented magnetic moments of the metal
atoms in this layer, the initial spin polarization will be
suppressed, causing very low spin injection into the sil-
icon conduction band. In this paper, we show that
elimination of this FM/Si interface at the spin injector
(and therefore the silicide that forms there) enables over
an order-of-magnitude increase in magnetocurrent and
2-200 -100 0 100 200
4.0
4.5
5.0
5.5
In-Plane Magnetic Field [Oe]
C
o
lle
ct
o
r
 
2 
C
u
r
r
en
t (
I C
2)  
[p
A
]
 
 
IC2
AP
IC2P
-1000 -500 0 500 1000
4.0
4.5
5.0
5.5
C
o
lle
ct
o
r
 
2 
C
u
r
r
en
t (I
C
2)  
[p
A
]
Perpendicular Magnetic Field [Oe]
 
 
a
b
FIG. 2: (a) In-plane spin-valve effect for our silicon spin trans-
port device with emitter tunnel junction bias VE =-1.6V and
VC1 =0V at 85K, showing ≈35% magnetocurrent. (b) Spin
precession and dephasing (Hanle effect), measured by apply-
ing a perpendicular magnetic field.
therefore allows a much higher spin injection efficiency.
A schematic illustration of the device we use in side-
view is shown in Fig. 1, together with its associated
band-diagram. This device is fabricated in a way iden-
tical to the device presented in prior work[11] except
that the spin injector tunnel junction has been mod-
ified. In Ref. [11], the injector structure was 40nm
Al/Al2O3/5nm Al/5nm Co84Fe16. Unpolarized elec-
trons tunneled from the normal metal (NM) Al emitter
cathode and were subsequently spin polarized by spin-
dependent hot-electron transport through the Co84Fe16
base anode layer before injection over the Schottky bar-
rier with the undoped Si drift layer. In the device used
for the present work, we have placed the Co84Fe16 layer
in the emitter cathode adjacent to the tunnel barrier
oxide, so the injector structure is now 30nm Al/10nm
Co84Fe16/Al2O3/5nm Al/5nm Cu. Electrons injected
into the Si conduction band are already spin polarized be-
fore hot-electron transport through the NM Al/Cu base
anode. This design eliminates strong magnetic moments
from adjacent FM layers in the silicide which forms at
the metal/Si interface. Despite the presumably smaller
initial spin polarization, this change in device design re-
sults in a higher spin polarization injected into the Si
conduction band by eliminating strong spin scattering at
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FIG. 3: (a) In-plane spin valve effect for the device with VE =-
2.1V emitter bias and VC1 =0V at 85K, with magnetocurrent
ratio reduced to ≈20%. (b) IC2 for parallel (P) and antiparal-
lel (AP) injector/detector magnetization configuration (open
symbols and right axis), and the derived lower-bound to elec-
tron spin polarization in the conduction band of Si (closed
symbol and left axis).
the injector Schottky interface.
After transport through the 10 µm-thick Si drift re-
gion, the spin polarization of conduction electrons is de-
tected by ejecting them over a Schottky barrier and into
hot-electron states in a Ni80Fe20 film on the other side.
Because of spin-dependent scattering in this FM layer,
the magnitude of the ballistic component of this hot-
electron current collected by a n-Si Schottky on the other
side of the film (IC2, as shown in Fig. 1) is proportional
to the spin polarization. This effect is analogous to the
way an optical polarization analyzer will modulate the
amount of light passing through it, depending on the rel-
ative orientation between photon linear polarization and
polarization axis of the analyzer.
Fig. 2 (a) shows hysteresis of our spin-transport sig-
nal IC2 at constant emitter bias VE =-1.6V for in-plane
magnetic field, where we can control the relative orien-
tation of injected spin polarization and detection axis
since the FM layers which determine these parameters
have different coercive fields. The magnetocurrent ratio
(IP
C2
− IAP
C2
)/IAP
C2
, where the superscripts refer to paral-
lel and anti-parallel FM injector/detector magnetization
configuration, respectively, is approximately 35%, in con-
3trast to ≈2% with our previously reported device having
a FM/Si interface at the injector.[11]
Since a spin-valve effect is a necessary but not suf-
ficient condition to conclude the presence of spin trans-
port, spin precession and dephasing measurements of IC2
in a perpendicular magnetic field[16, 17] were performed,
as shown in Fig. 2 (b). Due to an in-plane component
of the largely perpendicular external magnetic field, the
in-plane magnetizations of the Co84Fe16 and Ni80Fe20 in-
jector/detector FMs are parallel to each other when the
measurement starts at large magnetic field, but becomes
antiparallel as the field is swept through zero. At approx-
imately 500 Oe, the parallel magnetization configuration
is regained. Therefore, a complete parallel magnetiza-
tion curve can be constructed from the (red) left-to-right
sweep in negative field and the (blue) right-to-left sweep
in positive fields. The magnetocurrent ratio seen in this
measurement is consistent with the≈35% effect seen with
in-plane spin-valve measurements above.
Although these results clearly demonstrate highly effi-
cient spin injection into silicon by the large relative fluc-
tuation in magnetic fields causing spin-valve effect and
coherent precession, the absolute magnitude of IC2 is
small. To increase IC2, we increase the bias on the tunnel
junction in order to increase the electron injection current
IC1, which drives IC2. Fig. 3 (a) shows the in-plane spin-
valve effect with VE =-2.1 V, where IC2 is significantly
increased. However, the magnetocurrent ratio (≈20%) is
smaller than in Fig. 2 (a) where VE =-1.6V (but still
roughly an order of magnitude higher than previously
reported)[11].
Fig. 3 (b) shows IC2 for both parallel (P) and antipar-
allel (AP) magnetization configuration for VE at inter-
mediate values (open symbols and right axis). Clearly,
IC2 monotonically increases with the increase of tunnel
junction emitter bias for both configurations as expected,
although as noted previously the magnetocurrent ratio
decreases.
Because we are interested in spin transport in Si
for applications to real spintronic devices, we calcu-
late the observed conduction electron spin polarization
P = (IP
C2
− IAP
C2
)/(IP
C2
+ IAP
C2
), shown in closed symbols
and on the left axis in Fig. 3 (b). Apparently, the spin
polarization decreases with increase of the emitter bias,
from approximately 15% to approximately 8% across this
bias range. This may be due to the bias dependence of
spin injection from a tunnel junction[18, 19]. In com-
parison, spin polarization deduced from prior work[11] is
only approximately 1%. However, since our hot-electron
spin detector is not a perfect spin filter, these spin po-
larization values are merely lower bounds. For instance,
with detection efficiency 0 < E < 1, the actual electron
spin polarization is P/(2E − 1). Assuming E = 0.9, the
maximum spin polarization we deduce (at VE =-1.6V) is
as high as ≈19%.
In summary, we have presented an all-electrical device
with highly efficient spin injection into silicon. This im-
provement of over an order of magnitude compared to
previous work was enabled by spin polarization at the
emitter/tunnel-junction-barrier interface, which elimi-
nates the possibility of silicide formation with a FM at
the spin injector metal/Si Schottky. It will improve our
ability to study spin transport in silicon and is partic-
ularly important for silicon spintronic applications. We
predict that even higher spin injection efficiency may be
obtained with a FM/Oxide/FM/NM spin injector.
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